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Abstract

A 16 X 16 multielectrode semiconductor array,
previously designed in NMOS technology and intended for
implantation into the brain of a rhesus monkey, must be
redesigned in CMOS technology. The multielectrode array,
known as the AFIT brain chip, must also have its aluminum
electrodes replaced with a corrosion resistant metal that
capable of withstanding a subsequent polyimide cure
temperatures of 350°C. The possibility of depositing the
corrosion resistant metal directly onto the aluminum
electrode was investigated. The metals investigated were
gold, platinum, silver, and nickel as a barrier metal for

the previous three metals. The redesigned CMOS array was

is

partially functional and preliminary results from the metal

study indicate gold on aluminum with a nickel barrier
between them as the most promising electrode replacement.

Further work in this area is continuing. -

viii




THE REDESIGN OF A MULTIELECTRODE SEMICONDUCTOR ARRAY

INTENDED FOR IMPLANTATION INTO THE BRAIN OF A RHESUS MONKEY

I. Introduction

For the past ten years, graduate students at AFIT have
been attempting to design, fabricate, test, and implant a
multielectrode array capable of monitoring the visual cortex
in the brain of higher order mammals. The multielectrode
array, commonly rerferred to as the "brain chip", is designed
by utilizing semiconductor technology to monitor the
electrical signals of the visual centers in the brain by
physically making contact with the brain. The approach used
at AFIT is unique, and therefore, most of the available
information is contained either in past AFIT theses or in

journal articles written by AFIT personnel.

Background

Man has been fascinated for centuries as to how the
human visual system works. The optical operation of the
human eye, which images the visual stimuli on the retina, is
well-documented and understood. Unfortunately, once the

visual data are input to the retina and submitted for




processing by the central nervous system, little of the
actual brain processes and interpretion are understood. One
proposed model, theorized by Kabrisky and others, suggests
that bundles of neurons, the "cortical column", work
together as functional elements to comprise the basic
computing elements of the brain. In the visual cortex, the
portion of the brain that processes visual data, these
columns of neurons measure about 50 to 100 microns in
diameter and about 2000 to 2100 microns in length (1:40).
If the electrical signals, referred to as
electroencephalographic (EEG) signals, from the arrays of
columns in the visual cortex could be monitored, it should
be possible to determine and modei how column arrays react
to various visual stimuli. In order to realistically
accomplish this objective, thousands of columns would have
to be monitored simultaneously. As an initial attempt,
Demott (in 1966) used a 20 X 20 array of end-polished wire
electrodes to monitor column arrays in the brain of a
squirrel monkey (2:17-21). His two most significant
problems were fabricating his array of 400 individual wires
and managing their respective outputs. An array containing
thousands of wire electrodes would, for all practical
purposes, be impossible. Therefore, a new monitoring

technique is required.




First Generation Brain Chip

In 1979, Joseph Tatman designed and fabricated the
first AFIT brain chip, a 4 X 4 multielectrode semiconductor
array, using junction field effect transistors (JFET's).
Tatman's design is shown in Figure 1. The gates of each of
the four JFETs in a row were tied together and connected to
one of the external multiplexer channels; the source of
each JFET was tied to one of the array electrodes; and the
drains of each of the four JFETs in a column were tied
together and connected to one of the external recording
channels. Therefore, when the gate of any JFET was "turned
on", any signal present at the electrode for that
particular JFET would conduct to the output. Unfortunately,
the circuit did not function electiically because of several
fabrication problems (3:9-11). The following year, Gary
Fitzgerald refined Tatman's design and successfully
fabricated an electrically functional array. Although the
circuit functioned electrically, it failed after 30 seconds
in a 0.9% saline bath test that was used to simulate the
environment found in the brain (4:108). This result
indicated that the chip was not adequately protected from
the harsh environment found in the brain.

The next refinement of the AFIT brain chip was done by

George German in his 1981 thesis research. German evaluated




The 4 X 4 Multielectrode Array (5:12)

Figure 1.




several materials for use as an encapsulant for the brain
chip. The purpose of the encapsulant was to protect the
JFETs from the contaminants that altered its electrical
properties. Based on his test results, German recommended
both phosphosilicate glass (PSG) and polyimide as possible
encapsulants for the brain chip (5:59). The following year,
Russell Hensley and David Denton made a major breakthrough.
Based on German's results, they decided to use polyimide to
encapsulate the 4 X 4 array and were able to surgically
implant the chip into the brain of a dog. The chip was in
the dog's brain for nineteen days and produced a tremendous
amount of data. Analysis of the data indicated that EEG
signals were being collected by the brain chip. Further
detailed analysis with respect to the behavior adjacent

cortical columns was inconclusive (6:92-93).

Second Generation Brain Chip

With the successful implantation of the 4 X 4
multielectrode array, a second generation brain chip was
designed and fabricated by Robert Ballantine as part of his
course work for a VLSI design course at AFIT (7:Appendix E).
Ballantine's design, shown in Figure 2, was a 16 X 16
multielectrode semiconductor array that contained sixteen

times as many electrodes as the previous 4 X 4 array, yet




N, !
[ A (LT !
L T }
[ u [ |
L {

(L]

L
i
i
|
%
i
» g i

Figure 2. The 16 X 16 Multielectrode Array Designed by
Ballantine (7:I-4)




was only one-fourth its size. Since the new array

contained 256 electrodes, the rows of the array were
multiplexed in groups of 16 in order to allow the time
sequential output of all the gated electrodes on sixteen
output wires. The new array was fabricated with NMOS
technology. 1In 1984, Ricardo Turner did further research
work on the 16 X 16 multielectrode array. He concluded that
the NMOS brain chip was also extremely sensitive to the
saline environment and that polyimide was once again an
acceptable encapsulant for protecting the on-chip circuitry.
Unfortunately, conventional NMOS manufacturing technology
uses aluminum metallization (the AFIT JFET's used gold) and
the saline solution rapidly deteriorated the aluminum pads
(7:Section VI-1).

In 1986, Steven Ernst reevaluated polyimide (Du Pont
PI-2555) and two polysiloxanes (Accuglass 407 and Diffusion
Technology U-1A) for use as an encapsulate for the brain
chip (8:Section I,5). Once again, the polyimide exhibited
superior properties in comparison to the two polysiloxanes,

and this material was recommended by Ernst (8:Section V,1).

Problem Statement

This thesis contains two major efforts. The first

effort consists of redesigning, fabricating, and testing the




16 X 16 multielectrode array brain chip. The most current
functional brain chip was designed by Ballantine in 1983 and
was fabricated with NMOS technology, which
characteristically uses only n-channel MOSFETs.
Unfortunately, NMOS technology is considered obsolete.
Current AFIT resources use only CMOS (complementary metal
oxide semiconductor) technology, which can use both n-
channel and p-channel MOSFETs. Therefore, the Ballantine
chip had to be designed using CMOS technology.

The second major effort consisted of an investigation
of platinum, gold, and silver as possible electrode
conductors. As previously discussed, the cerebrospinal
fluid (CSF) found in the brain is corrosive to the aluminum
electrodes used in the current Ballantine design. Obviously
the solution to this problem is to replace the aluminum
electrodes with a corrosion resistant metal that is
impervious to the CSF and have the brain chip fabricated
with such a metal. Unfortunately, CMOS technology, like
NMOS technology, dictates that the chip must be fabricated
with aluminum electrodes. Therefore, once the chip is
fabricated, the aluminum electrode must either be removed
and replaced with a corrosion resistant metal, or a
corrosion resistant metal must be deposited directly on the
aluminum electrode itself. This research effort will

investigate both possibilities by using gold, silver, and




platinum as the corrosion resistant metal. The metal
investigation will also include the characterization of two

key properties:

1.) The adhesion of the corrosion resistant metal to
silicon dioxide and aluminum. Since the corrosion resistant
metal must be deposited on aluminum and/or silicon dioxide,

it is imperative that the metal adhere to these surfaces.

2.) The effect of the polyimide curing temperature has
on the corrosion resistant metal-aluminum interface.
Polyimide is used as an encapsulant of the brain chip and
must be applied to the chip after the aluminum electrodes
have been replaced or covered. If the corrosion resistant
metal is deposited directly on top of the aluminum
electrodes, it is quite possible that the subsequent
polyimide cure temperature could accelerate intermetallic
reactions between the metals and drastically change the
electrical characteristics of the new electrodes. Therefore,
the new corrosion resistant electrodes cannot be negatively

affected by the polyimide curing temperature.




Assumptions

As a result of resource and time constraints, the

following assumptions have been made:

1.) Platinum, gold, and silver are corrosion resistant
metals capable of surviving the brain environment. This
assumption is based on the many uses of these metals in

medical applications.

2.) All deposited metals will be sputtered and the
effect of any contaminants introduced during the sputtering

process can be neglected.

3.) The composition of the aluminum available in the
laboratory is identical to the composition of the aluminum
from the electrode on the brain chip. Therefore, aluminum
that is deposited in the laboratory for test purposes will
produce test results similar to the aluminum contained in

the brain chip electrodes.

A o]ac

The approach to this research effort will be divided

into two separate parts. The first part will consist of the

10




redesign, fabrication, and performance characteristics of a
16 X 16 multielectrode array using CMOS technology. The
second part will consist of the formulation and
implementation of a test routine to characterize the
adhesion and temperature properties for this particular
application.

Redesign of the Brain Chip. The chip will be
redesigned using CMOS technology and will closely follow the
approach in the Ballantine NMOS design. The layout of the
chip will be designed by using Magic, a VLSI computer-aided
design tool available at AFIT, and will be sent for
fabrication through MOSIS, a microcircuit fabrication
service utilized by the government. Fabrication will take
approximately ten weeks and, once completed, the chip will
be visually and electrically tested to verify proper
operation.

Investigation of Adhesion and Intermetallics. The
property of adhesion and the effects of intermetallics will
be investigated by using three-inch silicon wafers, growing
silicon dioxide on the wafers, and sputtering various
combinations of aluminum, platinum, gold, silver, and nickel
onto the wafer. All of the metals will be patterned by
utilizing positive photolithography methods. Once
patterned, the electrical resistance of the patterned metal

will be measured and the wafers will then be exposed to the

11




posiyimide curing time and temperature. The wafers will
again be visually and electrically inspected to determine if
any significant amount of intermetallic growth has occurred.
The adhesion property of the metal will be checked before
and after temperature exposure by using the tape test. The
results of this test sequence should determine an optimum
metal or combination of metals to be used as the electrodes

on the brain chip.

Sequence of Presentation

The design of both Ballantine's chip and the redesigned
chip will be discussed and compared in Chapter II. Chapter
III contains background information concerning the
replacement of the electrodes, sputtering, intermetallics,
and the properties of the metals chosen. Chapter IV
contains the test methods used to test the redesigned brain
chip and the results that were obtained. Chapter V contains
the test methods and results from the intermetallics and
adhesion investigation. Chapter VI contains the conclusions

and recommendations.

12




II. Brain Chip Design

The purpose of this chapter is to discuss in detail the
design and operation of the redesigned brain chip. The
revised design will first be partitioned into modules and
discussed at a block diagram level. Each module will then
be implemented at the gate level. Particular attention will
be given to both the on-chip control circuitry and the
electrode design. The revised design will also be compared
to a block diagram of the Ballantine brain chip, and the
major differences and similarities between the two will be
documented. Finally, the last section will discuss the
details concerning the final design and fabrication of the
redesigned brain chip, which includes the identification of
all of the input and output pads. Throughout this thesis, a
high signal (logic 1) can be assumed to be 5 volts, and a

low signal (logic 0) can be assumed to be 0 volts.

Revised Brain Chip Design

A block diagram showing the major cells of the new
brain chip design can be found in Figure 3. The major cells
are the counter, the row selector, the row driver, and the
gate electrode circuitry. Assume that each cell has both

power (VDD, +5 volts) and ground (GND, 0 volt) applied.

13




Electrode
Row //
Driver 32 Circuitry
A 4
Test
Selector
Pads
)(16
J/4
A 4
Input/
Output /[ Counter
Column Output
Pads 5 Pads
Figure 3. Block Diagram of the New Brain Chip
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Counter Operation The counter is a modulo-16, four-bit
counter that contains two inputs (RESET and CLK) and 5
outputs (RAO, RAl, RA2, RA3, and SYO). A description of
each signal is contained in Table I. The counter is
controlled by an external square wave clock generator.
Basically, each time a clock pulse is detected at the clock
input, the counter is incremented and outputs a new four-bit
binary number. Once the counter reaches binary 1111, it
automatically resets to binary 0000 at the next detectable
clock pulse. The output signal SYO is the carry-out bit
from the four-bit counter that is used to synchronize the

counters on multiple brain chips.

Table I. Input and Output Signals for the Counter

RESET resets counter to binary 0000

CLK clock input

RAO least significant bit (LSB) of binary output (2%
RA1l second~most LSB of binary output (25

RA2 third-most LSB of binary output (25

RA3 most significant bit (MSB) of binary output (23)
SYO synchronization signal

15




Counter Design The counter was designed and
simulated by Capt. Douglas Ford as part of his course work
for a VLSI design course at the Air Force Institute of
Technology, and a copy of his written report can be found in

Appendix C.

Row Selector Operation The row selector contains four
input signals (RAO, RAl, RA2, and RA3) and 16 output signals
(SELECT_0 through SELECT_15). The four input signals, which
originated from the output of the counter, are decoded and
determine which row has been selected. Therefore, assuming
the counter started at binary 0000, a pulse train of sixteen
clock pulses input to the counter would result in SELECT_O
through SELECT_15 being selected sequentially through the
outputs of the selector. The outputs of the selector employ
negative logic, such that a selected output line is at a
logic 0, while all other output lines are at a logic 1.

Row Selector Design The row selector was designed
and simulated by Capt. Douglas Ford as part of his course
work for a VLSI design course at the Air Force Institute of
Technology, and a copy of his written report can be found in

Appendix C.

Row Driver Design and Operation The row driver

consists of sixteen identical subcells that contain two

16




cascaded inverters. Each subcell, as shown in Figure 4, has
one of the outputs of the selector as an input. Since the
selector employs negative logic, the input signal is
inverted to produce the output signal SELECT, and it is then
inverted a second time to produce another output signal
referred to as SELECT_BAR. Therefore, each subcell provides
the drivers necessary to control the transmission gates
contained in the gate electrode circuitry for a particular
row of electrodes.

Gate Electrode Circuitry Design and Operation The gate

electrode circuitry contains 256 identical subcells arrayed

in a 16 X 16 matrix. Each subcell, as shown in Figure 5,

Output
from —
Selector

VDD VDD
:} ]——— SELECT_BAR

Figure 4. Subcell Schematic of Row Driver

SELECT
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contains one electrode and one transmission gate. The
transmission gate conducts when SELECT is logic 1 and
SELECT_BAR is logic 0. Therefore, for this particular case, .
any signal present on the electrode will appear on the
column output bus. If SELECT is logic 0 and SELECT_BAR is
logic 1, the transmission gate is in a high impedance non-
conducting state, and any signal present on the electrode
will not appear on the column output bus. Since only one
row is selected at any given time, the column output bus
will only contain the electrical signal from the particular

row electrode selected.

Column
Output
Bus

SELECT_BAR

Figure 5. Subcell Schematic for the Electrode Circuitry

18




Electrode Design The size of the electrodes is
180 X 180 microns, which roughly corresponds to the size of
the cortical columns in mammals, and the spacing between
each electrode is 70 microns. Therefore, each of the 256

subcells contained in the array is 250 X 250 microns.

Ballantine Brain Chip Design and Comparison

A block diagram of the Ballantine brain chip design can
be found in Figure 6. From an operational perspective, the
new brain chip functions exactly like the Ballantine design
except that the counter on the Ballantine chip was capable
of eight different count Sequences (7:Appendix F-4). The
selected count sequence, as shown in Table II, was
controlled by three inputs (CS0, CS1l, and CS2). This
allowed the Ballantine chip to monitor all, some, or none of
the rows of electrodes depending on the particular count
sequence chosen. The new design eliminated this feature
since the same results can be obtained by manipulating the
output data recorded from a fully operational array. The
obvious benefit is the elimination of the three control

inputs €S0, CS1, and Cs2.

19
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Table II. Count Sequence for the Ballantine Chip (7:E-6)

Ccs2 cs1 CSo0 Counter Counts

0 0 0 0 to 15

0 0 1l 0 to 3

0 1 0 4 to 7

0 1 1 8 to 11

1 0 0 12 to 15
1l 0 1 0 to 7

1 1 0 8 to 15

1l 1l 1 0

Fabrication of the New Brain Chip

Each cell of the redesigned brain chip was individually
designed with MAGIC, a computer aided design (CAD) tool used
at AFIT for circuit layout. These cells were then
incorporated into the brain chip design, along with the
appropriate aluminum interconnections and input/output pads.
The final brain chip design was electronically transmitted
to the Metal Oxide Semiconductor Implementation Service
(MOSIS) for fabrication into a 2 micron p-well double-~level
metal design rule technology. The fabricated chip, with all
input and output pads identified, can be found in Figure 7.

21




Electrode

Ar-ray

Figure 7. Redesigned Brain Chip With All Input and Output
Pads Identified
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The new brain chip consists of four input pads (CLK,
VDD, GND, and RESET), eighteen output pads (SYO, L_PAD, and
CO0 through €15), and four test pads (RAO, RAl, RA2, and
RA3). A description of each can be found in Table III. The
four test pads are only used during the initial electrical
testing of the chip, and are capable of two separate
functions: either to directly monitor the four-bit output of
the counter or to input an externally generated count
sequence into the selector circuitry. Therefore, if the
chip doesn't function properly, it will be possible to
determine whether the problem is with the counter or with

the subsequent circuitry.

Table III. Description of the Input, Output, and Test

Pads on the Redesigned Brain Chip

CLK clock input into counter

VDD voltage applied to chip (+5 volts)
GND common circuit ground

RESET resets counter to binary 0000

syo synchronization signal from counter
L_PAD ground plane from the brain

CO0 through C15 column outputs

RAO through RA3 counter outputs

23




III. Metal Theory

The purpose of this chapter is to provide background
information concerning the replacement of the aluminum
electrodes, the sputtering deposition process,
intermetallics, and the properties of the metals identified
as a possible electrode replacement. The first section will
discusses how the aluminum electrodes will be replaced. The
second section discusses the sputtering deposition process,
with particular interest in radio-frequency (RF) sputtering.
The next section discusses what intermetallic compounds are
and how they occur. The last section discusses the key
properties of the metals chosen, which includes both

electrical and physical oproperties.

Replacement of the Aluminum Electrodes

The aluminum electrodes must be replaced with a
corrosion resistant metal. There are two ways that this can

be accomplished:

1.) Remove the aluminum and deposit the corrosion
resistant metal in its place. The only method of removal
available at AFIT is wet chemical etching, a method that

uses acids in their liquid form to selectively oxidize the

24




unwanted material (aluminum) and then dissolve the oxide

into the liquid acid solution.

2.) Deposit the corrosion resistant metal directly on

top of the aluminum.

Wet chemical Etching Wet chemical etching was
determined to be unacceptable since it would be extremely
difficult to use wet chemical etching without seriously
affecting the reliability of the entire circuit. Normally
when wet chemical etching is used in the manufacturing
process of integrated circuits to remove aluminum, it is
performed immediately after the deposition process. A
photoresist mask is deposited on top of the aluminum, and it
is then patterned in such a way as to expose the desired
aluminum to be removed. The photoresist mask, as shown in
Figure 8A, is patterned by exposing the resist to
ultraviolet light and developing the exposed region in a
chemical solution, thereby opening a window that exposes the
aluminum film to be etched. The circuit is then immersed
into the acid solution to remove the aluminum. Aluminum
etching, like most chemical etching, is isotropic, which
means that the lateral and vertical etch rates are
essentially the same (9:457). Therefore, as illustrated in

Figure 8B, the etchant not only attacks the film exposed by
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Figure 8. Example of Undercutting as a Result of Isotropic
Etching (10:Chapter 9,5)

the window in the photoresist mask, but it also attacks the
film beneath the mask. Once the desired aluminum is
removed, the circuit must be rinsed in deionized water to
stop the etch process. The remaining photoresist can than
be removed, and the circuit is again cleaned in deionized
water to insure that all residues from this process are
removed from the surface of the circuit. The removal of
surface contaminants is critical in order to prevent future

chemical reactions that could be detrimental to the
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